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Abstract

Knowledge of thermodynamic properties of aqueous solutions of CO, is crucial for
various applications including climate science, carbon capture, utilisation and stor-
age (CCUS), and seawater desalination. However, there is a lack of reliable experi-
mental data, and the equation of state (EOS) predictions are not reliable, particularly
for sound speeds in low CO, concentrations typical of water resources. For this rea-
son, we have measured speeds of sound in three different aqueous solutions contain-
ing CO,. We report speeds of sound in the single-phase liquid region for binary
mixtures of water and CO, for mole fractions of CO, of 0.0118, 0.0066 and 0.0015
at temperatures from 273.15 K to 313.15 K and at pressures up to 50 MPa, meas-
ured using a dual-path pulse-echo apparatus. The relative standard uncertainties of
the sound speeds are 0.05 %, 0.03 % and 0.01 % at 0.0118, 0.0066 and 0.0015 CO,
mole fractions, respectively. The change in sound speeds as functions of composi-
tion, pressure and temperature are analysed in this study. We find that dissolution of
CO, in water increases its sound speeds at all conditions, with the greatest increase
occurring at the highest mole fractions of CO,. Our sound speed data agree well
with the limited available experimental data in the literature but deviate from the
EOS-CG of Gernert and Span by up to 7 % at the lowest temperatures, highest pres-
sures, and highest CO, mole fraction. The new low-uncertainty sound speed data
presented in this work could provide a basis for development of an improved EOS
and in establishing reliable predictions of the change in thermodynamic properties
of seawater-like mixtures due to absorption of CO, gas.
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1 Introduction

Accurate description of the thermodynamic properties of aqueous CO, solutions is
crucial to understanding the effects of anthropogenic CO, emissions on the earth’s
oceans and hence the climate system [1]. Carbon capture, utilisation, and storage
(CCUS) processes, which are aimed at reducing the emissions of CO, into the
atmosphere by means of geological storage, also require accurate understanding of
the thermodynamic properties of CO, aqueous solutions [2]. Other important appli-
cations of the knowledge of thermodynamic properties of these solutions include
seawater desalination and waste water treatment, among others [1]. Seawater desali-
nation is a critical process ensuring access of potable water to millions of people and
sustaining livelihoods of over 300 million people world-wide [3, 4]. Similarly, waste
water treatment involves the removal of harmful pathogens, malodorous gases, inor-
ganic salts, hazardous chemicals, etc. from residential and industrial waste water so
that cleaner and safer water can be discharged into the water bodies [5]. To charac-
terise systematically the effect of dissolved CO, on the thermodynamic properties
of seawater-like mixtures, we first focus our attention on understanding the effects
of CO, absorption by pure water at pressure and temperature conditions representa-
tive of those available in oceans, at low CO, mole fraction of up to 0.01 (close to the
saturation concentration of CO, in standard seawater) [6]. (Our future research will
extend this work to saline solutions with absorbed CO,.)

The uncertainty associated with long-term climate predictions is one of the great-
est challenges to developing strategies for mitigating the impact of climate change
[7]. For example, one of the key metrics used to describe the effects of climate
change, the global mean surface temperature (GMST), is estimated to be somewhere
between 2 °C and 4.5 °C with a recent study indicating that it could be higher than
5 °C [8]. A major source of uncertainty can be linked to the uncertainty in the evalu-
ation of the effective heat capacity used in climate models, which in turn is domi-
nated by the heat capacity of oceans [9]. Therefore, predictions of the global ocean
heat capacity and the resulting change in heat capacity due to the absorption of the
ever-increasing anthropogenic CO, emissions become vitally important. In situ
measurement of the thermodynamic properties of oceans is practically impossible
and the reliability of available equations-of-state for predicting the thermodynamic
properties, particularly for the CO,+H,0O system, cannot be assessed based on
available experimental data. The only comprehensive fundamental equation of state
for this system, that of Gernert and Span [10], is based largely on the properties of
humid gases and CO,-rich mixtures, particularly at higher mole fractions of CO,.
While there are abundant density and solubility data available in the literature for
this system, heat capacity and sound speed data are scare; only one research article
[11] with few data points on sound speeds at very low-pressure conditions was iden-
tified in the course of this work. A selection of the available density, heat capacity
and solubility data are provided in Table 1.

Direct laboratory measurements of the heat capacity, density, compressibility and
other thermophysical properties are challenging at the high pressures found in deep
ocean environments. An alternative and accurate approach is to measure the sound
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Table 1 Selected literature thermodynamic property and solubility data of xCO,+ (1 — x)-H,O mixtures

References Year N* x* T/K p/MPa u® (%)
Density

Nighswander [12] 1989 33 0.002-0.016 353473 2-10 0.4
Fenghour [13] 1996 104 0.0612-0.7913 415-645 5.9-28 0.08-0.14
Hnedkovsky [14] 1996 32 0.003-0.004 298-705 1-35 0.1
Song [15] 2003 33 0-0.061 273-284 5-12.5 -
Zhaowen [16] 2004 6 0.018 332 0.3-29 0.01
Hebach [17] 2004 164 Saturation 284-333 1-30 0.15
McBride-Wright [18] 2015 91 0.0086-0.0271 294-449 15-100 0.035
Efika [19] 2016 290 Saturation 293-450 1.45-64 0.1-1
Heat capacity

Barbero [20] 1983 10 0.0002-0.002 298 0.1 -
Hnedkovsky [21] 1997 15 0.003 304-704 28 -
Solubility

Nighswander [12] 1989 33 - 353473 2-10 14
Teng [22] 1997 24 - 278-293 6.4-29.5 1.6
Servio [23] 2001 9 - 277-283 2-4.2 3-5
Anderson [24] 2002 54 - 274-288 0.1-2.2 1
Zhaowen [16] 2004 6 - 332 3-20 2

“Mole fraction of CO, in the mixture
Reported Standard Uncertainty

*Number of points measured

speeds in a fluid solution or mixture of interest, which along with few reference den-
sity and heat capacity values can be used to evaluate other relevant thermodynamic
properties across the experimental range of conditions [25]. This study focuses on
the experimental determination of sound speeds in the CO,+H,0 system at tem-
peratures from 7=273.15 K to 313.15 K and pressures up to 50 MPa, conditions
which are typical of oceans. To mimic the low concentrations of CO, expected to
occur in the oceans, mole fractions of x=0.0118, 0.0066 and 0.0015 are considered
in this study. At these concentrations of CO,, the solutions remain well within the
single-phase state, based on the solubility model predictions of Duan et al. [26]. The
measurement regime of our study is illustrated in Fig. 1.

2 Apparatus and Materials

Sound speeds were measured using a dual-path pulse-echo apparatus, compris-
ing a measurement cell fabricated out of 316 stainless steel, operating at 10 MHz,
and housed within a high-pressure vessel (HPV) as shown in Fig. 2. The apparatus
was purpose-built for these experiments, but is similar in design to one described
previously to measure sound speeds in p-xylene [27] and toluene [25]. The unique

@ Springer



141 Page 4 of 29 International Journal of Thermophysics (2023) 44:141

50 e 3¢ 3¢
x x x
40 kx x x
b4 b4 x ”f% ™M M o ™
ISV S L S
30 kx x x
é’ x x x
20 kx x x
Y x x x
x x x
x x x
10 bx x x
x x x
x x x
x x
0 s e daaaa sl d o daaaaaa dao sl

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
102 x

Fig. 1 p-x diagram showing solubility isotherms calculated using the CO2 solubility model of Duan
et al. [26]. The cross symbols represent the state points where sound speed measurements were made for
all three mixtures in this study at temperatures from 273 K to 313 K
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Fig.2 Schematic of experimental apparatus for the measurement of sound speeds in binary H,O and
CO, mixtures

features of the apparatus used in this work were the incorporation of a recirculating
pump, for in situ mixing of the solution, and that the piezo-ceramic transducer ele-
ment of the sensor was encapsulated in polyimide (supplied by PI Ceramic GmbH),
to isolate both anode and cathode from the fluid. The HPV and circulation pump
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were housed inside an incubator (Memmert ICP110eco) with an operational range
of — 12 °C to+60 °C and temperature stability of 0.1 °C. CO, and water could be
injected into the system via a three-way valve, located outside the incubator and
connected to the recirculation loop through a tee connector. Pure CO, was fed
directly into the system from a pressure-regulated cylinder. Degassed pure water
was injected into the system using a pressure-controlled high-pressure syringe pump
(Teledyne ISCO, 260D).

Two  platinum  resistance  thermometer (PRT) probes  (Netsushin,
NR-141-100S-1-1.6-18-2500PLi (& 0.2)-A-MC-1205) monitored the wall temper-
ature of the HPV, with each located at the ends of the cell to monitor the temperature
uniformity and provide an average cell temperature. These PRTs were calibrated against
a standard platinum resistance thermometer, WIKA CTR5000 having a standard uncer-
tainty of 1 mK, with model CTS500 multiplexer between 258.15 K and 373.15 K and
fitted to the Callendar-Van Dusen equation with temperature uncertainty of 8.5 mK.
Considering the calibration uncertainty, the fluctuations and drift in incubator tempera-
ture as well as non-uniformity of temperature across the cell, the overall standard uncer-
tainty in experimental temperature measurements reported in this work was evaluated
to be 20 mK.

The system pressure was monitored using a piezoresistive pressure transmitter
(Keller, PA-33X) located immediately outside the incubator, with an operational
range of 100 MPa with a manufacturer specified expanded uncertainty of 0.05 % full
scale. The pressure transducer calibration and performance were validated (Austral-
ian Pressure Laboratory), with a reported measurement uncertainty of 0.01 %.

The chemical samples used in this study are provided in Table 2.

The reader is referred to our previous publications for details on the design and
operation of the apparatus as well as the data acquisition and signal processing
techniques [25, 27, 28]. Briefly, the speed of sound was determined by generating
an acoustic pulse within the sensor, then measuring the difference in arrival time,
At, between two echoes that travel different paths with a known difference in path
length, AL. The sound speed, c, is evaluated using the relation,

_2AL

T A M

In this work a 10-cycle sinusoidal tone burst was used, and the results reported
represent an average of at least 5 measurements of time delay, with maximum rela-
tive standard deviations of less than 0.01 %. The design of the sensor used in this

Table 2 Description of chemical samples used in the study where x is mole fraction purity, w is mass-
fraction purity and p, is the electrical resistivity

Chemical name CAS number Source Purity x Additional Purification

Carbon dioxide 124-38-9 BOC 0.99995 None

Water 7732-18-5 Ibis Technology p.>18 MQ-cm at Degassed under vacuum
T=298 K

NaCl 7647-14-5 Chem-supply w>0.997 None
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work is based on the work by Ball and Trusler [28] for which the diffraction correc-
tions are less than 0.01 % of the measured time difference and thus can be neglected.

3 Calibrations and Validation

Calibration of the path length difference was carried out by measuring sound speeds
in pure water at four temperatures, 7=273.15 K, 283.15 K, 298.15 K and 313.15 K
and comparing the results to the values predicted using IJAPWS-95 [29]. An aver-
age path length difference of 2AL,=19.901 mm was obtained with an uncertainty
u(2AL,)=0.001 mm at a reference pressure of p,=0.1 MPa and reference tempera-
ture of 7,=298.15 K.

The calibrated path length difference was extended to the entire experimental
domain by means of the following relation:

2AL(T,p) = 2ALy (1 + (T = Ty) = 1/3B(p — py) ). )

where a is the linear thermal expansivity and g is the isothermal compressibility
of 316 stainless steel, the latter considered constant over the ranges of temperature
and pressure investigated. In this work, a was represented by a temperature-depend-
ent function fitted to experimental thermal-expansion measurements of a sample of
stock material, carried out by National Physical Laboratory (NPL), UK. The value
of f was evaluated by fitting the bulk modulus data of Hammond et al. [30], Ledbet-
ter [31], Grujicic and Zhao [32].

The experimental sound speed measurements in water are compared against the
literature data of Lin and Trusler [33] with the IAPWS-95 EOS [29] as baseline in
Fig. 3. Our data are consistent with the IAPWS-95 predictions within its reported
uncertainties. Maximum deviations of our data from the IAPWS-95 EOS are 0.07 %
at T=(273 and 283) K and 0.02 % at T=(298 and 313) K, while the EOS reported
uncertainties are 0.1 % and 0.05 %, respectively in these conditions. Similarly, the
low-uncertainty experimental sound speeds reported by Lin and Trusler [29] show
good agreement with our data.

Fig. 3 Relative percentage 0.08
deviations of the experimental
speed of sound data in pure 0.04
Water, Coyps from the IAPWS-95 2
[29] sound speeds, cggg This & o &
work: O, T=273.17K; "z 0.00 ;: %
T=283.20K; A, T=298.25 K; § Bt e "o oe x 8
X. T=313.32 K; Lin and Tru- Soml®e * o . s
sler [33]: @, T=273.21 K; W, . « ® °o °
T=293.16K; A, T=313.16K = ° ° 1

-0.08

°
°
0.12 - - - -
0 10 20 ,/\pa 30 40 50
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Calibration of the system volume was performed using water and CO,. To cali-
brate the volume, the entire system was first evacuated, then the fluid (degassed
water or CO,) was injected into the system using a high-pressure syringe pump,
taking note of the initial and final pump volumes. After subtracting dead volumes
and accounting for pressurisation of the system, a final volume of 46.26 ml was
obtained with a standard uncertainty of 0.05 ml.

To further validate the apparatus, measurements of sounds speeds in binary
mixture of NaCl and water were carried out (see Table 3) and compared against
the correlation of Chen et al. [34]. A mixture with molality m=0.5020 mol-kg™!
was prepared gravimetrically by dissolving NaCl into vacuum-degassed pure
water. The mixture was then injected into the system using the high-pressure
syringe pump and measurements were taken at temperatures 7=278.22 K,
288.25 K and 298.31 K and pressures between 10 MPa and 40 MPa. Results of
comparisons against the correlation of Chen et al. [34] are presented graphically
in Fig. 4. Their reported uncertainty of 0.15 m-s~! in relative sound speed (versus
water) corresponds to a relative standard uncertainty of nearly 0.4 % under these
conditions. Our measurements agree well with the predictions of the correlation,

sound ¢ and compined sndard % pMPs s 0) s

uncertainty u,(c) as a function 278.20 9.97 1481.03 0.13

of pressure p and temperature

T in brine, where m = 0.5020 278.20 10.00 1480.92 0.13

molkg™! 278.21 19.95 1497.46 0.14
278.22 29.92 1514.09 0.14
278.22 40.00 1531.28 0.14
278.22 40.00 1531.20 0.14
288.18 9.99 1517.03 0.13
288.24 9.99 1517.16 0.13
288.25 19.97 1533.74 0.13
288.25 29.97 1550.39 0.14
288.24 30.02 1550.52 0.14
288.25 39.99 1567.16 0.14
298.30 10.01 1545.44 0.13
298.31 20.00 1562.13 0.13
298.31 29.99 1578.88 0.14
298.31 39.98 1595.47 0.14
298.31 40.02 1595.45 0.14

Standard uncertainty of temperature u(7): 20 mK, standard uncer-
tainty of pressure, u(p)=8 kPa and standard uncertainty of NaCl
brine composition, u(b)=0.0015 mol-kg™"

@ Springer



141 Page 8 of 29 International Journal of Thermophysics (2023) 44:141
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with maximum deviations of less than 0.11 % and average deviations of about
0.07 % falling well below their uncertainty.

4 Mixture Preparation

To prepare the mixture, CO, and water were sequentially injected into the evacuated
system (comprising the sensor and circulation pump, described above) and mixed
in situ using the circulation pump. Firstly, the required amount of CO,, calculated
using the calibrated system volume and density predicted from the equation-of-state
of Span and Wagner [35], was slowly injected into the evacuated system by moni-
toring the system pressure. The CO, inlet valve was closed when the desired pres-
sure was reached, at a temperature of 7=298.15 K inside the temperature-controlled
incubator. The system was then left to stabilize for about 1-2 h. As an example, for
the x=0.01 composition, a pressure of about p=1.2 MPa was maintained inside the
system. Secondly, pure water was degassed under vacuum using a magnetic stirrer
for more than 2 h, then pressurised for injection using a high-pressure syringe pump.
A constant pressure of p=10 MPa was maintained inside the pump with the water
present up to the 3-way valve at the system inlet. The volume of water inside the
pump at this stage was noted along with the pump temperature. The inlet valve was
then slightly opened, allowing water to slowly move into the system at a flow rate of
0.5 ml/ min. As water was injected into the system, the circulation pump was oper-
ated to continuously mix the water and CO,. A homogeneous mixture was achieved
when the overall system pressure and high-pressure syringe pump volume remained
stable for 1 h, typically after around 8 h. The final volume of the pump was recorded
to determine the total amount of injected water. For the target x=0.01 mol frac-
tion, the actual composition prepared was x=0.0118. This process is illustrated in
Fig. 5 in which the increase in system pressure is plotted alongside the decrease
in the pump volume as functions of time in hours during the x=0.0118 mixture
preparation.

Prior to the preparation and measurement of each mixture, the system was cleaned
by removing any remaining sample through the vent line by repeatedly pressurising
the system with helium and then venting, until water was no longer visible through
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the vent line. After this, the system was evacuated for a minimum of 24 h at elevated
temperature (7=333.15 K). To ensure there was no moisture trapped into the sys-
tem, helium was again used to flush the system and the system was vacuumed again
for at least another 24 h before the next mixture was prepared for measurement.

The uncertainty in the mole fraction of CO,, x, was evaluated using the relation
given in Eq. 3 [36],

u(0) = (1 = 0|, (o))" + (1, ()" + (1, (VL))" + (ur(VG))z]m, 3)

where L and G subscripts refer to water and CO,, respectively. Combined relative
uncertainty in the mole fraction of CO, was thus measured taking into consideration
the relative uncertainties in the densities and volumes of water and CO,. Using the
above equation, the uncertainties in the CO, mole fractions, x=(0.0118, 0.0066 and
0.0015) were evaluated to be u(x) =(0.0004, 0.0002 and 0.0001), respectively.

5 Evaluation of Uncertainties

The overall standard uncertainties in sound speeds were evaluated using the follow-
ing relation:

2 Jc 2 dc : Jc 2
u(c) = (u(c))+(a—T-u<T>) +( 5w +(§-u(x>). @)

The first term on the right-hand-side refers to the uncertainty in sound speed
measurement, which is evaluated by taking into consideration the uncertainty of
the acoustic path length difference, AL, and the uncertainty of time measurement,
At. The second and third terms refer to influence of temperature and pressure,
whereas the final term pertains to the influence of mixture composition. The partial
derivatives (sensitivity coefficients) for uncertainty evaluation were obtained using
the correlation of Eq. 5 discussed later. In this way, the maximum overall stand-
ard uncertainties were evaluated to be u(c)=0.70 m-s~!, 039 m-s™! and 0.13 m-s™!
for each mixture composition x=0.0118, 0.0066 and 0.0015, respectively, which
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Table 4 Uncertainty budget

Source Standard Contribution to
for sound speed measurements L .
. uncertainty uncertainty u(c)
in 0.0066-CO,+0.9934-H,0 u(i) /m-s~!
mixture at 7=293.24 K
and p=20.00 ME?’ where Temperature u(T) 20 mK 0.04
¢c=1522.65 (m:s™")
Pressure u(p) 8 kPa 0.03
Composition u(x) 0.0002 0.17
Sound speed measurement, u(c) — 0.12
Overall combined standard uncertainty, u(c) 0.21

corresponds to relative standard uncertainties of 0.05 %, 0.03 % and 0.01 %. Stand-
ard uncertainties for each state point are provided next to the experimental sound
speed values in Sect. 6. An uncertainty budget for sound speeds for an example case
for x=0.0066 mixture is presented in Table 4.

6 Experimental Results

A total of 402 experimental sounds speeds including repeat measurements were
made over three binary mixtures x-CO,+ (1 — x)-H,0 with compositions x=0.0118,
0.0066, and 0.0015 between temperatures of (273.15 and 313.15) K and pressures
up to 50 MPa. All measured sound speed data with the standard uncertainties are
provided in Tables 5, 6 and 7. At each composition, a total of 134 measurements
were made with repeat measurements to confirm reproducibility. Reproducibil-
ity was tested by preparing a new mixture of CO, mole fraction x=0.0016, with
the results compared against the x=0.0015 composition. At these compositions,
the uncertainty in mole fraction of CO, is u(x)=0.0001. The maximum differ-
ence between the sound speeds at p=10 MPa, 30 MPa, 35 MPa and 40 MPa and at
T=298 K between these compositions was found to be less than 0.02 %.

The x-CO,+ (1 — x)-H,O experimental sound speed data and selected experimen-
tal data for pure water (x=0) of Lin and Trusler [33], Benedetto et al. [37] and Fujii
[38] were fitted as functions of temperature, pressure and mole fraction of CO,, i.e.
c=1(t,p,x) by means of Eq. 5 by minimizing the sum of squared residuals.

Cpis 2 2 o "
m=[zz rcox"] ®)

In the above equation, ¢ = p/GPa and t=(7/K) — 273.15 are dimensionless varia-
bles and 6(j)= 1 for j=0, and otherwise 0 (zero). In order to enforce agreement with
the JAPWS-95 [29] EoS for pure water at low pressure, the three parameters a,q,
(=0, 1, 2) were fitted to speeds of sound calculated from that model for metasta-
ble liquid water at zero pressure and at temperatures between 273.15 K and 303.15
K. The chosen functional form was found to represent the IAPWS-95 sound speeds
with relative absolute deviations below 0.01 %. The remaining 16 parameters were
fitted to the experimental data from both the present study and the selected literature
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Table 5 Measured speeds TIK p/MPa elm-s) u(c) /(m-s™)

of sound ¢ and combined

standard uncertainty u (c) as 273.17 3.97 1433.28 0.70

a function of pressure p and

temperature 7 for the mixture 273.19 597 1436.05 0.69

0.0118-CO,+0.9882-H,0 273.20 7.97 1438.84 0.68
273.23 9.97 1441.50 0.67
273.14 9.97 1441.25 0.67
273.13 11.95 1444.05 0.66
273.13 14.94 1448.15 0.64
273.13 17.93 1452.38 0.62
273.13 19.93 1455.33 0.61
273.13 24.92 1462.65 0.59
273.13 29.90 1470.03 0.57
273.12 34.89 1477.73 0.54
273.13 39.87 1485.39 0.52
273.13 44.85 1493.30 0.50
273.13 49.82 1501.26 0.48
278.12 3.63 1452.58 0.62
278.19 3.99 1453.50 0.62
278.22 5.99 1456.24 0.60
278.19 7.99 1459.12 0.59
278.18 9.98 1462.00 0.58
278.14 9.98 1462.00 0.59
278.14 11.98 1464.75 0.58
278.17 11.96 1464.84 0.57
278.19 14.93 1469.35 0.56
278.18 17.93 1473.80 0.55
278.17 19.92 1476.68 0.54
278.17 2491 1484.21 0.52
278.16 27.90 1488.81 0.51
278.16 29.90 1491.85 0.50
278.16 34.88 1499.39 0.48
278.15 39.86 1507.17 0.46
278.15 44.84 1515.13 0.44
278.15 49.82 1523.13 0.43
283.18 3.99 1472.01 0.54
283.18 4.99 1473.63 0.53
283.18 7.99 1477.97 0.52
283.20 9.99 1480.84 0.51
283.19 11.95 1483.93 0.50
283.19 14.96 1488.38 0.49
283.17 17.93 1492.84 0.48
283.18 19.94 1495.84 0.47
283.19 24.90 1503.55 0.45
283.19 29.89 1511.23 0.44
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Table 5 (continued)
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T/K p/MPa cl(ms™h u(c) /(ms™h)
283.18 34.86 1518.99 0.42
283.19 44.80 1534.80 0.39
283.19 49.78 1542.81 0.38
288.21 4.99 1489.28 0.46
288.21 5.97 1490.72 0.45
288.21 7.98 1493.89 0.44
288.21 9.97 1496.89 0.44
288.21 9.98 1497.01 0.44
288.21 11.96 1500.13 0.43
288.21 17.93 1509.31 0.41
288.21 14.94 1504.63 0.42
288.22 19.93 1512.43 0.41
288.22 24.90 1520.14 0.39
288.22 29.88 1528.09 0.38
288.22 34.86 1535.93 0.37
288.22 39.84 1543.81 0.36
288.22 44.81 1551.76 0.34
288.23 49.78 1559.64 0.33
293.21 5.99 1505.04 0.38
293.21 7.98 1508.15 0.38
293.22 9.95 1511.42 0.37
293.20 9.98 1511.15 0.37
293.21 11.95 1514.42 0.37
293.22 14.94 1519.16 0.36
293.22 17.93 1523.96 0.35
293.22 19.93 1527.07 0.35
293.22 2491 1534.94 0.34
293.23 29.89 1542.93 0.33
293.22 29.89 1542.90 0.33
293.22 34.87 1550.81 0.32
293.22 39.85 1558.87 0.31
293.23 44.82 1566.82 0.30
293.23 49.79 1574.82 0.29
298.21 5.50 1516.91 0.33
298.21 7.50 1520.12 0.32
298.22 9.96 1524.07 0.32
298.22 9.99 1524.18 031
298.24 14.95 1532.16 0.31
298.22 19.95 1540.05 0.30
298.21 24.95 1548.15 0.30
298.25 29.94 1556.31 0.29
298.25 34.88 1564.31 0.28
298.21 39.88 1572.30 0.27
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Table 5 (continued) TIK p/MPa cl(m-s~1 u,(c) J(m-s~1)
298.38 44.81 1580.47 0.27
298.27 49.83 1588.42 0.26
303.24 6.09 1528.17 0.26
303.24 7.99 1531.38 0.27
303.24 9.98 1534.53 0.27
303.23 9.98 1534.33 0.27
303.24 11.95 1537.78 0.26
303.25 14.94 1542.65 0.26
303.25 17.93 1547.60 0.26
303.25 17.94 1547.57 0.26
303.25 19.93 1550.79 0.25
303.25 2491 1559.07 0.25
303.25 29.90 1566.99 0.25
303.25 34.87 1575.31 0.25
303.26 39.85 1583.34 0.24
303.26 44.83 1591.35 0.24
303.26 49.80 1599.60 0.23
308.28 7.97 1540.17 0.23
308.27 9.97 1543.80 0.23
308.26 11.95 1546.89 0.22
308.22 14.94 1551.71 0.22
308.22 17.94 1556.81 0.21
308.23 19.93 1560.03 0.21
308.23 24.92 1568.64 0.21
308.23 29.90 1576.80 0.21
308.24 34.89 1584.82 0.21
308.25 39.87 1592.97 0.21
308.25 44.85 1601.28 0.20
308.24 44.87 1601.24 0.20
308.25 49.82 1609.40 0.20
313.24 7.66 1547.30 0.20
313.24 7.71 1547.31 0.20
313.21 7.74 1547.42 0.18
313.23 7.99 1547.84 0.18
313.22 8.20 1548.23 0.18
313.24 9.98 1551.25 0.18
313.21 9.99 1551.21 0.18
313.25 14.97 1559.74 0.18
313.25 19.96 1568.16 0.18
313.21 20.00 1568.08 0.18
313.22 24.98 1576.45 0.18
313.26 29.94 1584.89 0.18
313.23 34.94 1592.95 0.18
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Table 5 (continued) /K p/MPa l(ms) u,(c) f(ms~")
31323 39.90 1601.47 0.18
313.23 44.89 1609.87 0.18
31325 49.86 1617.95 0.18

Standard uncertainty of temperature u(7): 20 mK, standard uncer-
tainty of pressure, u(p) =8 kPa and standard uncertainty of composi-
tion, u(x)=0.0004 mol fraction

data for pure water at temperatures between 273.15 K and 303.15 K with pressures
up to 50 MPa.

The coefficients of fit ‘a’ along with the summary of statistics of fit are provided
in Table 8. The root mean square deviation (RMSD) of the fit is 0.016 % with aver-
age deviations and maximum deviations from the fitting data being 0.013 % and
0.051 %, respectively. Nearly 82 % of the data are fitted to within 0.02 % absolute
deviations with nearly 99 % of the data falling under 0.04 % which indicates a very
high quality of fit. This correlation is valid in the experimental range of this study
between T=(273 and 314) K and p=(4 and 50) MPa at 0 <x<0.0118. The relative
percentage deviations of the data used for fitting are presented as functions of sound
speeds, c¢ in Fig. 6.

Statistics of fit: Ay \gp=0.013 %; Ayjarp=0.051 %; RMSD=0.016 %.

The experimental sound speeds are plotted as functions of pressure at all the
experimental isotherms in Fig. 7, Fig. 8, and Fig. 9 for x=(0.0118, 0.0066 and
0.0015), respectively. At each composition, for the given experimental range, sound
speeds show an almost linear dependence on pressure, while varying non-linearly
with temperature and composition. Increase in temperature increases the sound
speeds at constant pressure. These observations are consistent for all three composi-
tions. The effect of change in composition CO, to sound speeds of the binary mix-
tures is discussed in the following section.

7 Discussion

When gaseous CO, equilibrates with water, more than 99 % of CO, existing in the
aqueous phase mixture remains a dissolved gas, with the rest reacting into H,CO;,
H*, HCO;™ and C023— [39]. To verify whether this dissociation or any change in
mixture composition has any noticeable effect on the measured sound speeds, exper-
imental measurements were carried out for the x=0.0066 mixture at p=100 bar
and 7=278.15 K at 20-min intervals over a period of 72 h. It was found that the
observed variation in the measured speed of sound during this period was commen-
surate to the variation in temperature inside the incubator. No additional variations
were observed over this time, which could have been indicative of a change in mix-
ture composition.
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Table 6 Measured speeds TIK p/MPa elm-s) u(c) /(m-s™)

of sound ¢ and combined

standard uncertainty u (c) as 273.16 4.01 142271 0.39

a function of pressure p and

temperature 7 for the mixture 273.16 6.01 1425.57 0.38

0.0066-CO, +0.9934-H,0 273.16 8.00 1428.44 0.38
273.16 8.00 1428.66 0.38
273.15 10.02 1431.11 0.37
273.17 10.05 1431.57 0.37
273.16 14.99 1438.32 0.36
273.18 18.00 1443.04 0.35
273.17 20.00 1446.08 0.35
273.19 24.99 1453.90 0.34
273.16 30.08 1462.19 0.33
273.16 35.00 1469.98 0.32
273.17 40.00 1478.13 0.31
273.17 45.07 1486.53 0.30
273.17 50.05 1494.93 0.29
278.18 4.02 1444.15 0.34
278.18 6.03 1448.02 0.34
278.18 8.04 1450.37 0.33
278.18 10.00 1453.70 0.33
278.17 12.02 1456.15 0.32
278.18 14.99 1461.41 0.32
278.19 18.00 1466.26 0.33
278.18 20.00 1469.11 0.31
278.17 25.00 1476.97 0.30
278.18 30.00 1484.96 0.29
278.18 35.01 1493.11 0.28
278.19 40.08 1501.40 0.27
278.19 45.05 1509.70 0.27
278.19 50.03 1517.85 0.26
283.19 4.01 1464.54 0.30
283.19 6.01 1467.36 0.30
283.20 8.02 1470.55 0.29
283.21 10.02 1473.15 0.29
283.21 12.02 1476.41 0.31
283.21 15.00 1481.02 0.29
283.19 15.00 1481.33 0.28
283.21 18.00 1485.70 0.28
283.21 20.00 1489.01 0.28
283.21 25.00 1496.92 0.27
283.21 30.00 1504.92 0.27
283.20 35.01 1513.14 0.26
283.20 39.98 1521.31 0.25
283.19 45.00 1529.65 0.25
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Table 6 (continued)

@ Springer

T/K p/MPa cl(ms™h u(c) /(ms™h)
283.19 50.00 1537.96 0.24
287.99 4.02 1480.87 0.24
287.99 6.01 1484.04 0.27
288.00 8.00 1487.09 0.26
288.21 10.03 1490.59 0.26
288.02 10.02 1490.24 0.26
288.21 12.01 1494.04 0.26
288.21 15.00 1498.91 0.25
288.21 18.00 1503.50 0.25
288.21 20.00 1506.68 0.25
288.21 25.00 1514.78 0.24
288.20 30.00 1522.72 0.24
288.20 30.00 1522.78 0.23
288.19 35.00 1531.00 0.23
288.18 39.98 1539.04 0.23
288.14 44.97 1547.21 0.22
288.11 50.01 1555.29 0.22
293.21 4.02 1496.61 0.22
293.20 6.02 1499.78 0.23
293.20 8.02 1503.07 0.23
293.22 10.03 1506.22 0.22
293.20 10.01 1506.16 0.22
293.23 15.01 1514.33 0.22
293.23 18.00 1519.19 0.22
293.23 20.00 1522.65 0.22
293.23 24.99 1530.60 0.21
293.24 30.00 1538.79 0.21
293.21 30.01 1538.72 0.21
293.23 34.97 1546.85 0.21
293.21 40.00 1555.10 0.20
293.22 45.07 1563.45 0.20
293.22 50.04 1571.50 0.20
298.21 4.02 1510.04 0.20
298.21 5.00 1511.52 0.20
298.21 6.01 1513.05 0.20
298.21 8.01 1516.36 0.20
298.21 10.00 1519.50 0.20
298.22 9.99 1519.60 0.20
298.19 15.02 1527.84 0.20
298.19 18.00 1532.45 0.19
298.19 20.01 1535.79 0.19
298.19 20.01 1535.88 0.19
298.19 24.99 1543.95 0.19
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Table 6 (continued) TIK p/MPa cl(m-s~1 u,(c) J(m-s~1)
298.17 29.95 1552.09 0.19
298.17 29.99 1552.11 0.19
298.17 34.93 1560.62 0.19
298.18 39.91 1568.49 0.18
298.18 44.99 1577.07 0.18
298.18 50.06 1585.28 0.18
303.23 5.01 1522.15 0.18
303.22 6.01 1524.13 0.17
303.22 8.02 1527.58 0.17
303.22 9.02 1529.16 0.17
303.22 10.02 1530.89 0.17
303.22 15.02 1539.19 0.17
303.22 18.02 1544.27 0.17
303.23 25.05 1555.79 0.17
303.23 30.08 1564.07 0.17
303.24 34.96 1572.35 0.17
303.24 39.94 1580.45 0.17
303.25 44.95 1589.02 0.17
303.25 49.94 1597.17 0.17
308.26 5.02 1532.39 0.17
308.25 8.02 1537.47 0.15
308.33 10.01 1541.00 0.15
308.25 10.04 1540.81 0.15
308.28 15.00 1549.62 0.15
308.29 18.02 1554.44 0.15
308.30 20.00 1557.67 0.15
308.29 24.96 1565.98 0.15
308.28 29.95 1574.73 0.15
308.27 34.93 1582.63 0.16
308.27 39.92 1591.05 0.16
308.27 44.97 1599.21 0.16
308.27 50.04 1608.22 0.16
313.27 5.01 1540.53 0.16
313.27 6.02 1542.60 0.14
313.27 8.02 1545.53 0.14
313.31 10.01 1548.98 0.14
313.27 10.01 1549.32 0.14
313.29 12.01 1552.52 0.14
313.29 15.00 1557.96 0.14
313.29 18.01 1562.73 0.14
313.30 20.00 1565.96 0.14
313.30 25.00 1574.99 0.14
313.31 30.00 1583.09 0.14
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Table 6 (continued) TIK p/MPa elm-s) () J(m-s
313.31 35.00 1591.53 0.14
313.31 40.01 1599.81 0.15
313.31 44.97 1608.37 0.15
313.31 50.04 1617.16 0.15

Standard uncertainty of temperature u(7): 20 mK, standard uncer-
tainty of pressure, u(p) =8 kPa and standard uncertainty of composi-
tion, u(x) =0.0002 mol fraction

The relative differences between sound speeds in all compositions of the
xCO,+ (1 — x)-H,0 mixture and pure water are presented in Fig. 10 as functions of
pressure for various experimental isotherms. In general, sound speeds increase when
more CO, is added to water (higher concentration). The increase in sound speeds for
mixtures of CO, and water, compared to pure water, is due to the decrease in com-
pressibility of the mixture. When CO, is dissolved in water, a cage-like structure of
H,0 molecules forms around the CO, molecule [40] increasing the rigidity of the
local structure, i.e., making it less compressible [41]. At the experimental condi-
tions, maximum increases in sound speeds of up to 25 m/s, 15 m/s and 2 m/s were
observed for the compositions, x=(0.0118, 0.0066 and 0.0015), respectively. For
the two higher concentrations of CO,, there is a clear decrease in sound speed differ-
ences with increasing temperature. For the lowest CO, composition, the magnitude
of the variation is not as large, differing from pure water between 0.4 m/s and 2 m/s.
Although small, the change is experimentally significant considering that the maxi-
mum estimated standard uncertainty at this composition is less than 0.2 m/s.

In Fig. 11, speeds of sound for each mixture are plotted as a function of pressure
at 7=298.15, along with the prediction for pure water using IAPWS-95 [29] and
predictions for each mixture based on the EOS of Gernert and Span [10]. The EOS
consistently over-predicts the sound speeds of the mixtures by a significant amount.
For example, for the x=0.0118 composition, the EOS predicted sound speeds are
consistently higher than our experimental results by more than 80 m/s. The differ-
ences reduce to about 10 m/s at the lowest concentration of CO, (x=0.0015). These
significant differences in the predictions by the EOS could potentially be due to the
fact that it was developed for humid gases and CO, and not for pure water and CO,
mixture. Additionally, there is limited available accurate experimental data for the
x-CO,+ (1 — x)-H,O that could be used for fitting.

To our knowledge, there is very limited experimental sound speed data available
in the literature for x-CO,+ (1 — x)-H,O mixtures. Sanemasa et al. [11] present some
values of experimental sound speed differences from pure water for mixtures at low
concentrations of x=(0.002 to 0.005), at pressures less than 1 MPa and at tempera-
tures between 7T'=( 295 and 302) K. Since these pressures are much lower than our
experimental pressure conditions, a comparison with their data were carried out by
extrapolating the correlation of Eq. 5 to the low-pressure conditions. The compari-
son between our fitted results and the experimental results of Sanemasa et al. [11] is
shown in Fig. 12. Taking water as a reference, the deviation in sound speeds agree

@ Springer



International Journal of Thermophysics (2023) 44:141 Page 190f29 141

Table 7 Measured speeds TIK p/MPa elm-s) u(c) [(ms™)

of sound ¢ and combined

standard uncertainty u (c) as 273.18 4.00 1410.64 0.16

a function of pressure p and

temperature 7 for the mixture 273.18 6.00 1413.88 0.15

0.0015-CO, +0.9985-H,0 273.20 8.00 1417.21 0.16
273.24 9.98 1420.23 0.15
273.23 10.00 1420.22 0.16
273.24 15.00 1428.15 0.15
273.18 17.96 1432.63 0.15
273.24 19.98 1436.17 0.15
273.23 24.99 1444.42 0.15
273.24 29.93 1452.73 0.15
273.24 35.00 1461.32 0.15
273.18 40.00 1469.65 0.15
273.17 40.02 1469.71 0.15
273.23 44.97 1478.40 0.16
273.20 50.05 1487.48 0.15
278.22 3.99 1434.67 0.15
278.23 5.99 1437.71 0.14
278.23 7.99 1440.82 0.15
278.24 9.99 1444.04 0.15
278.25 12.00 1447.27 0.15
278.25 15.00 1452.25 0.14
278.23 19.99 1460.26 0.15
278.26 20.00 1460.37 0.15
278.20 25.02 1468.33 0.15
278.22 30.00 1476.81 0.15
278.21 35.00 1485.03 0.15
278.22 39.99 1493.73 0.15
278.21 40.01 1493.59 0.15
278.21 44.98 1502.25 0.15
278.22 49.94 1510.93 0.15
283.19 4.01 1455.41 0.14
283.18 6.00 1458.52 0.14
283.16 7.99 1461.63 0.14
283.15 9.99 1464.68 0.14
283.20 11.99 1468.18 0.14
283.14 15.00 1472.86 0.14
283.13 18.00 1477.81 0.14
283.11 20.00 1480.87 0.14
283.09 25.03 1489.14 0.14
283.22 29.99 1497.99 0.14
283.17 29.99 1497.96 0.14
283.06 35.04 1505.95 0.14
283.09 39.98 1514.57 0.15
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Table 7 (continued)
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T/K p/MPa cl(ms™h u(c) /(ms™h)
283.05 45.00 1522.89 0.15
283.07 49.93 1531.32 0.15
288.31 4.00 1474.38 0.13
288.27 6.01 1477.42 0.13
288.25 7.99 1480.62 0.13
288.29 9.99 1484.04 0.13
288.20 12.01 1486.83 0.13
288.25 14.99 1492.03 0.13
288.25 18.00 1497.04 0.13
288.18 20.00 1500.27 0.13
288.17 20.01 1499.98 0.13
288.13 25.01 1508.05 0.13
288.11 30.02 1516.36 0.14
288.10 35.06 1524.87 0.14
288.09 40.01 1533.18 0.14
288.09 40.03 1533.02 0.14
288.09 45.00 1541.55 0.14
288.09 49.96 1550.10 0.15
293.24 4.01 1490.21 0.13
293.24 6.00 1493.66 0.13
293.24 8.00 1496.99 0.13
293.24 9.99 1500.24 0.13
293.23 11.99 1503.48 0.13
293.25 14.99 1508.47 0.13
293.23 18.00 1513.34 0.13
293.23 20.00 1516.85 0.13
293.24 25.02 1525.15 0.13
293.24 30.00 1533.43 0.13
293.24 35.01 1541.71 0.13
293.25 40.00 1550.20 0.14
293.24 40.01 1550.17 0.14
293.25 44.99 1558.55 0.14
293.25 50.00 1567.24 0.14
298.26 4.01 1504.65 0.12
298.26 6.01 1507.93 0.12
298.26 8.00 1511.30 0.12
298.26 10.00 1514.65 0.12
298.26 15.01 1522.90 0.12
298.26 18.01 1527.97 0.13
298.24 20.01 1531.19 0.13
298.27 19.99 1531.23 0.13
298.24 25.00 1539.51 0.13
298.22 29.99 1548.04 0.13
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Table 7 (continued) TIK p/MPa cl(m-s~1 u,(c) J(m-s~1)
298.23 34.99 1556.27 0.13
298.25 35.00 1556.34 0.13
298.23 40.01 1564.86 0.13
298.24 40.00 1564.76 0.13
298.24 45.08 1573.38 0.14
298.25 49.96 1581.58 0.14
303.24 4.01 1516.83 0.12
303.23 6.01 1520.15 0.12
303.23 8.01 1523.60 0.12
303.29 10.00 1526.93 0.13
303.23 10.01 1526.96 0.12
303.24 14.97 1535.30 0.12
303.24 17.96 1540.37 0.12
303.25 20.03 1543.94 0.13
303.25 25.04 1552.20 0.13
303.32 30.00 1560.90 0.13
303.29 35.00 1569.39 0.13
303.29 40.00 1577.76 0.13
303.27 40.03 1577.68 0.13
303.29 44.98 1586.03 0.14
303.28 49.96 1594.51 0.14
308.27 4.01 1527.40 0.11
308.28 6.01 1530.94 0.12
308.28 8.01 1534.26 0.12
308.27 10.00 1537.65 0.12
308.29 9.97 1537.58 0.12
308.29 14.98 1546.27 0.12
308.30 17.96 1551.22 0.12
308.28 20.00 1554.79 0.12
308.30 25.01 1563.29 0.12
308.27 29.98 1571.55 0.13
308.30 30.01 1571.59 0.13
308.25 34.99 1580.18 0.13
308.27 39.99 1588.61 0.13
308.31 44.98 1597.11 0.13
308.29 49.94 1605.49 0.14
313.30 4.01 1536.30 0.12
313.30 6.01 1539.89 0.12
313.30 8.01 1543.50 0.12
313.33 9.99 1546.88 0.12
313.29 9.99 1546.80 0.12
313.29 15.00 1555.47 0.12
313.31 14.99 1555.43 0.12

@ Springer



141 Page 22 of 29 International Journal of Thermophysics (2023) 44:141

Table 7 (continued) TIK p/MPa cl(m-s~1 u,(c) J(m-s~1)
313.33 19.99 1564.13 0.12
313.30 25.00 1572.67 0.13
313.32 29.99 1581.27 0.13
313.30 30.00 1581.34 0.13
313.30 34.99 1589.74 0.13
313.33 39.99 1598.14 0.16
313.32 44.99 1606.67 0.15
313.33 50.05 1615.12 0.16

Standard uncertainty of temperature u(7): 20 mK, standard uncer-
tainty of pressure, u(p) =8 kPa and standard uncertainty of composi-
tion, u(x)=0.0001 mol fraction

Table 8 Values of parameters of correlation of Eq. 5 with statistics of fit

Aooo Aol ) do1o Ao Aoz Ao
2.757509 13.811998 -83.955510 0.029487 -0.252501 -2.584396 -0.000228
A Ao 00 ajor [T aio apn
-0.000271 0.105613 8.526854 -19.941189 0 0.104486 1.309579
apn a0 apng i a300 a1 a3
0 -0.000387 -0.013999 0 36.348981 -933.148602 0
a310 a3y azpn Az a3 a3
-0.649073 14.314462 0 0 0 0
0.06
)
0,03
g
5
" 0.00
G
200 P
-0.06
1400 1450 1500 1550 1600 1650

c/ms’!

Fig.6 Relative percentage deviations of experimental sound speeds in selected pure water data of Lin
and Trusler [33], Benedetto et al. [37] and Fujii [38] and in binary x-CO,+ (1 — x)-H,O mixtures meas-
ured in this work, c.,,, from the correlation sound speeds, cg of Eq. 5 as functions of sound speeds
at various experimental isotherms, 7. O, T=273 K; <, T=278 K; /1, T=283 K; x, T=288 K; %,
T=293K;[], T=298 K; 4, T=303K; ¢, T=308K; O, T=313K

@ Springer



International Journal of Thermophysics (2023) 44:141 Page230f29 141
Fig.7 Experimen- 1650
tal speeds of sound in
0.0118-CO,+0.9882-H,0 1600 }
mixture, ce, asa function of
pressure. &, T=273.15 K; O, -
T=278.17K; ), T=283.19K; 7, 15501
O T=28821 K: %, &
T=29322K;[], T=298.24 K; Qi? 1500 |
A, T=303.25K; 4,
T=.302.%.24 K; O, T=313.23 K. 1450
Solid lines represent the cor-
related values of sound speeds
in the mixture evaluated using 1400 5 10 15 20 25 3'0 35 40 45 50
Eq.5 p/MPa
Fig.8 Experimen- 1650
tal speeds of sound in
0.0066-CO, +0.9934-H,0 1600
mixture, cy, as a function of
pressure. &, T=273.17 K; O, —
T=278.18K; /., T=283.20K; 5 1550
O, T=288.14K; %, £
T=293.22K;[], T=298.19K; Q% 1500
A, T=303.23 K; 4,
T=308.28 K; O, T=313.29 K. 1450
Solid lines represent the cor-
related values of sound speeds
gl thse mixture evaluated using 00 =0 15 20 25 30 35 40 45 350
q-. p/MPa
Fig.9 Experimen- 1625
tal speeds of sound in
0.0015-CO,+0.9985-H,0 1575 F
mixture, ¢, as a function of
pressure. &, T=273.21 K; O, -~
T=278.23 K; / T=283.18 K;> 5, 1557
, T=288.18 K g
, T=293.24 K[, S st
T=298.25K;A, T=303.26 K;
+, T=308.28 K;Q . 1425 |
, T=313.31 K. Solid lines
represent the correlated values
. . 1375 . . M . . . . . .
of sound speeds in the mixture 05 10 15 20 25 30 35 40 45 50

evaluated using Eq. 5
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Fig. 10 Differences of sound speeds in various compositions of mixture x-CO,+(1 — x)-H,0, cgy,
compared to the sound speeds in pure water, cy,q evaluated using IAPWS-95 [29] as functions of pres-
sure at various temperatures. <, T=273.15 K; O, T=278.17 K; / T=283.19 K; &, T=288.21 K; %,
T=29322K;[], T=298.24K; A, T=303.25K; 4, T=308.24K; O, T=313.23 K

well with our results, with maximum difference between the results being less than
0.03 %. In these conditions, their results and ours indicate a maximum difference of
about 5 m/s in sound speed compared to water. However, the predictions of the EOS
of Gernert and Span [10] (see Fig. 12), vary from our predictions by as much as 2 %.
In these low concentrations, the EOS seems to be over-estimating the influence of
additional CO, in water for sound speed. Over the entire experimental range of this
study, our experimental data deviate from the EOS by up to 7 %.

8 Conclusions
Speeds of sound in binary mixtures of x-CO,+(1 — x)-H,O for x=(0.0118,

0.0066 and 0.0015) are reported, measured using the double-path pulse-echo
apparatus at temperatures between 7=273.15 K and 313.15 K and pressures up to
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Fig. 11 Speeds of sound in x-CO,+(1 — x)-H,O mixture and pure water as functions of pressure at
T=298.15 K. —x—, This work; — —, Gernert and Span[10]; — IAPWS-95 [29]

50 MPa. The standard uncertainties of our experimental data are at most 0.97 m/s,
0.55 m/s and 0.19 m/s for compositions, x=(0.0118, 0.0066 and 0.0015), respec-
tively. The results were compared against limited experimental data and the latest
EOS. Our results agree well to within 0.03 % of the experimental data, whereas
they deviate by up to 7 % from the EOS. Our results show greatest deviations
from the EOS at the lowest temperature and highest pressure of the higher mole
fractions of CO,. The large discrepancies may be due to the limited experimental
data that was available for these mixtures during EOS development. The accurate
experimental sound speeds reported here can be used to improve the predictions
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Fig. 12 Deviations of sound speeds in x-CO,+(1 — x)-H,O from sound speeds in pure water evaluated
using JAPWS-95[29] at various compositions between x=(0.002 and 0.005) and temperatures between
T=295 K and 302 K as functions of pressure. Sound speed deviations in water from: O, This work, X,
Sanemasa et al.[11]; O, EOS of Gernert and Span [10]

of the EOS for the x-CO, + (1 — x)-H,0, particularly at low concentrations of CO,
(i.e., at x<0.01). Additionally, our experimental sound speeds can be potentially
analysed to obtain other important thermodynamic properties including heat
capacity, density and compressibility when used in conjunction with accurate
density and heat capacity data at reference conditions. Combined with ongoing
experimental work to measure sound speed for the ternary mixtures of H,O with
CO, and NaCl, these data and improvements to associated EOSs have the poten-
tial to improve the accuracy of climate models.
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